Abstract-The capsule endoscope is being integrated with various kinds of actuators and sensors to form a micromedical robot, and hence, it requires much more energy than before. Wireless power transfer (WPT) is promising to address the energy supply problem, but strictly restricted to keep safe. Human body communication (HBC), a low-power consumption method, can greatly reduce energy for communication. This paper, for the first time, combines HBC with WPT to investigate the possibility of their working together, and focuses on the effects of WPT on the communication effectiveness of HBC. Parameters for both HBC and WPT are set to be those widely studied or even clinically used. The frequencies and peak-peak voltages for HBC were selected as 3 MHz and 3.3 V, and WPT were adjusted from 0 kHz to 1.5 MHz and 0 to 400 V. On the one hand, HBC with fundamental sinusoidal wave was used to study the interaction. The simulation results accord well with the experimental results, and both of them indicate that the HBC signal can be accurately extracted based on IIR notch filter. On the other hand, HBC modulated by binary differential phase shift keying method was utilized. Groups of experiments were conducted, and the received signals were demodulated by improved polarity comparison method. Bit error rate was calculated to be zero in all the studied frequencies and voltages. Results indicate that HBC and WPT can cowork well when integrated in one capsule robot.
I. INTRODUCTION
T HE wireless microcapsule robot has become a revolutionary tool for the diagnosis and treatment of gastrointestinal diseases with its significant advantages of minimal invasion and less pain [1] , [2] . Unlike the passive capsule endoscope, it is expected to eventually include sophisticated functions such as multiparameter monitoring, active locomotion, drug delivery [3] , biopsy, and local treatment [4] . As a result, the traditional method using button battery cannot offer enough power for the multifunctional microcapsule robot any longer [4] , [5] , and limited power capacity is now becoming a main bottleneck for the further development of microcapsule robot [2] , [6] , [7] . Currently, solutions toward the energy problem for microcapsule robot have been widely investigated, and some of them have made considerable progress. Generally, they are divided into two categories: One is to find battery alternatives to solve energy problem essentially; and the other is to reduce the power consumption from each component of microcapsule robot. Representatives of them are wireless power transfer (WPT) [4] and human body communication (HBC) [8] .
WPT is the most promising and sustainable alternative to battery because of its character of perpetual energy supply [9] , [10] . The external primary coil generates an alternating magnetic field, and the implanted secondary coil gathers the power by inductive coupling [11] . However, there is only a part of the electromagnetic energy emitted can be collected by the receiving coil for the limited magnetic flux and the energy decay due to the tissue absorption [12] . In addition, dramatic losses can be caused by the relative motion or significant tilting of the receiving coil [13] . Thus, in order to provide enough energy for the added actuating and sensing functions, the electromagnetic field produced by the primary coil must be strong enough. However, according to the International Commission on Non-ionizing Radiation Protection (ICNIRP) safety guidelines [14] , the specific absorption rate (SAR) must be controlled to a certain extent for the protection of human tissues [11] . Obviously, there is a conflict between electromagnetic field intensity and human tissue safety. As a result, power consumption from each module of capsule robot still has to be largely reduced.
HBC, which directly uses the human body as an electrical conductive medium [15] , [16] , is an emerging communication technique for body sensor networks due to its features of higher data rate, small size, and low power consumption [8] . Compared with traditional radio frequency (RF) data transmission circuit, HBC contacts with human body tissues only through impedance matched networks [17] , which not only cuts down the power dissipation [18] , [19] , but also reduces the size and cost of microcapsule robot. However, HBC can only reduce power consumption to a certain extent, but not solve energy limitation on microcapsule robot essentially.
So far, there have not yet been any reports that correlated these two techniques in one micromedical robot. In this paper, it is believed that the integration, in which traditional wireless RF is replaced by HBC for data transmission and button battery is substituted by WPT as power source, is to generate a new energy control scheme and put it forward to the clinical application. The energy saved by HBC could be used to support the actuating and sensing functions added, and thus, the energy burden of WPT is released. In this way, electromagnetic radiation on human tissue can be diminished because electromagnetic field of WPT is weakened. This integration will promote the development of microcapsule robot significantly.
Before putting the integration into practice, the possible mutual interference has to be figured out. Currently, there is certain overlap between the frequency band of HBC and WPT that the former typically operates within the frequency range from 100 kHz to 100 MHz [20] , while the latter is generally implemented in the frequency range of several kilohertz to several megahertz [21] due to tissue absorption loss and human safety [22] . When integrated, it is supposed that the HBC with the weak electrical signal has little influence on the WPT. But in turn, the communication effectiveness of HBC is likely to be affected by the changing electromagnetic field of WPT. To verify this possibility, both simulations and experiments are presented in this paper, and the influence of WPT on capacitive coupling HBC is detailed.
For the rest of the paper, Section II describes the proposed theoretical framework of simulation model, which is followed by simulations and experiments for fundamental HBC wave in Section III. The feasibility of integration is further verified in Section IV by means of analysis of measurement results for modulated signal. The comparison and discussion between simulation results and experimental results are presented in Section V and conclusions are drawn in Section VI.
II. THEORETICAL FRAMEWORK
Integrated with HBC and WPT, the microcapsule robot and its internal structure are shown in Fig. 1 . The HBC transmitter includes impedance matched networks and electrodes. The impedance matched networks are used for matching impedance with human body and limiting current into human tissues [17] , [23] . Instead of traditional RF module, the electrodes A and B are used to transmit data by directly contacting with human body. Through HBC, sensing signals are acquired by two receiving electrodes and stored by a data recorder [24] , [25] . The WPT emitting coil outside the human body supplies power for microcapsule robot by time-varying magnetic field. The implanted secondary coil gathers the power by inductive coupling, and the received energy is regulated to generate a stable dc voltage for powering the microcapsule robot [26] . HBC and WPT are integrated in one microcapsule robot system to achieve complementary advantages.
In order to study the effects of WPT on HBC, parameters for both HBC and WPT are set to be those widely studied or even clinically used. The HBC module uses a basic sinusoidal carrier signal with the frequency of 3 MHz and peak-to-peak voltage (V pp ) of 3.3 V. It is capable of realizing an image transmission speed of 3 fps, which complies with that of MiroCam capsule [27] . The frequency of WPT is changed from 0 kHz to 1.5 MHz with a step of 100 kHz, and V pp is adjusted from 0 to 400 V with a step of 50 V to keep the current within the transmitting coil bellow 4.5 A to meet SAR requirement prescribed by the ICNIRP norms [28] .
The coupling of electromagnetic signals between HBC and WPT can be explained by the Maxwell equations. In order for the internal receiving coil to gather enough power, a strong alternating magnetic field must be generated by the transmitting coil. The alternating magnetic field B W PT will induce electric field E W PT within the human tissues and produce induction electromotive force (EMF) ε W PT , as shown in (1). The excitation voltage V HBC used for HBC generates electric field E HBC . So, the total electric field E of the human tissue is the sum of E W PT and E HBC , as shown in (2):
Based on the equations mentioned previously, COMSOL multiphysics software is used to investigate the electromagnetic signal transmission characteristics within the human body.
III. SIMULATIONS AND EXPERIMENTS OF INTERACTION USING HBC FUNDAMENTAL WAVE
Electromagnetic interference characteristics under sinusoidal HBC signal without any digital modulation are simulated and measured in this section. The reason is any signal can be decomposed into a sum of sinusoidal waves with different frequencies from the perspective of signal composition. In addition, if sinusoidal signal without digital modulation cannot be separated out effectively, communication signal which is modulated by digital sequences cannot be either.
A. Simulation Method of Fundamental Wave
Electromagnetic simulation model of fundamental wave, as shown in Fig. 2(a) , is established to simulate the interference of WPT on communication effectiveness of HBC. It consists of three parts: HBC electrodes, WPT coil, and pork tissue. The HBC transmitter includes two electrodes, called signal electrode and reference electrode, respectively. The signal electrode is used to induce a voltage signal to the pork tissue. The relative Fig. 2 . Simulating model and geometric parameters for (a) overall system including 1 skin with 0.2-cm thickness, 2 fat with 1.8-cm thickness, 3 muscle with 10-cm thickness, 4 HBC receiving electrodes, 5 HBC transmitting electrodes, 6 WPT transmitting coil, and 7 WPT excitation input and (b) HBC transmitting electrodes. potential of the reference electrode is equal to zero. The HBC receiving electrodes are used to detect the potential difference [29] . The geometries of the transmitting and receiving electrodes are shown in Fig. 2(b) , which are similar to those investigated by Fujii [30] . The simplified structure of multiturn coils is shown in Fig. 3 . A ring with rectangular section is used to simplify the modeling and decrease the computing amount because current direction in the coils is assumed to be accordant. The applied excitation to the ring is used to generate alternating electromagnetic field. When frequency of HBC is 3 MHz, the relative permittivity ε r , the conductivity σ, and the relative permeability μ of the pork tissue are shown in Table I (close to human muscle tissue) [31] . To capture the dynamic characteristics of interaction between HBC and WPT, the simulation system is studied by transient analysis.
During the process of simulation, HBC signal is set as U sin(2πf t), with amplitude (U ) of 1.65 V and frequency (f ) 
B. Results and Analysis
Groups of simulation results show that the HBC signal can be effectively extracted. The received signals of the single and differential electrodes under 1.4-MHz frequency and 400-V V pp for WPT were taken as an example. The discrete fourier transforms (DFTs) are depicted in Fig. 4 . Spectrum analysis results for the two signals indicate that the frequency range of 1.2-1.5 MHz is the main interference band. Sinusoidal signal with frequency of 3 MHz for communication is submerged by the noise completely. To solve this problem, a second-order IIR notch filter with a Q factor of 5 to specify the filter bandwidth is used, which can cause a 32 dB attenuation on the interference signal at the frequency of 1.4 MHz. After that, the received signal is processed by a Chebyshev high-pass filter with 2-MHz passband corner frequency, 1.5-MHz stopband corner frequency, less than 3 dB of ripple in the passband and 40dB attenuation in the stopband. Then, HBC signal can be separated out based on a eigth-order low-pass digital filter with a 10-MHz passband.
The received signals of the single and differential electrodes processed by the designed filter are shown in Fig. 5 . It can be found that the V pp of the single electrode signal is large as 60 V due to the external electromagnetic interference. The differential electrode can largely attenuate the interference, but simultaneously reduce the HBC signal. So after filtering, the single electrode signal is in the range of −0.4-0.4 V while the electrode signal difference is between −0.1 and 0.1 V. Nevertheless, for the two signals, the designed filter can effectively reduce the noise, and HBC signal can be successfully extracted.
C. Experimental Setup
To verify the feasibility of the proposed integration between HBC and WPT, preliminary experiments in-vitro for fundamental wave were carried out using fresh pork. The block diagram of the experimental system is shown in Fig. 6 . It consists of five modules: multiturn coils, WPT transmitter, HBC transmitter, HBC receiver, and fresh pork. The multiturn coils generate alternating magnetic field with different voltages and frequencies excited by the WPT transmitter. The WPT transmitter includes a power, a signal generator, a MOSFET driver, and a MOSFET module, which can change the excitation frequency of the primary coils from 0 kHz to 1.5 MHz and adjust the voltage from 0 to 400 V. The HBC transmitter is used to generate a standard sinusoidal signal or modulated signal for communication. The HBC receiver comprises a front-end analog signal processing circuit, sampling devices, and analysis platform. The front-end signal processing circuit, composed by one differential input preamplifier with low noise and one Butterworth bandpass filter Fig. 7 . In-vitro measurement system including 1 MOSFET power, 2 signal generator, 3 digital oscilloscope, 4 MOSFET driver power, 5 WPT driver module, 6 WPT transmitting coil (Φ = 40cm), 7 fresh pork, 8 HBC receiving electrodes, 9 HBC transmitting electrodes, 10 differential probe, 11 front-end processing module, and 12 HBC signal generator.
with a passband of 2 to 4 MHz, is critical because it directly affects the communication effectiveness. Sampling devices include a differential probe and an oscilloscope. The differential probe is used to isolate ground of the front-end module from that of the oscilloscope. The oscilloscope is used to sample HBC data and process it by IIR notch filter to achieve signal extraction. The HBC transmitter and the front-end signal processing circuit are powered by separate batteries to eliminate the influence of ground and environment on HBC and make the power supply method closer to that of microcapsule robot.
Measurement system is shown in Fig. 7 , which comprises a signal generator, a digital oscilloscope, a differential probe, power, WPT driver module, HBC transmitter, front-end processing module, HBC transmitting and receiving electrodes, multiturn coils, and fresh pork. The positions of Ag/AgCl electrodes used for HBC transmitter and receiver are shown in Fig. 8 , which are consistent with those of the simulation model. The HBC transmitting electrodes are placed in the pork, and the receiving electrodes are attached on the surface of pork.
D. Experimental Results and Analysis
Groups of experimental data were processed by the designed IIR notch filter. Similar with the simulation results, experimental results indicate that HBC signal can be separated out effectively. The received signal under 1.4-MHz frequency and 400-V V pp for WPT is processed by the IIR notch filter as an example shown in Fig. 9 . Comparison between the experimental and simulation results indicates that the experimental result is slightly disturbed due to the differences of coil dimensions, simplified pork tissue, and electromagnetic interference in the measurement environment. The experimental received signal is larger than the differential signal in the simulation because there is a preamplifier in the front-end signal processing circuit of the experiments. But from the frequency domain, the received signals from both the experiment and simulation are consistent with the HBC signal. Therefore, integration between HBC and WPT can be achieved in one microcapsule robot by signal separation and removing the interference of WPT from the perspective of basic composition of signal.
IV. EXPERIMENTAL VERIFICATION FOR HBC-MODULATED SIGNAL
Experiments using modulated signal for HBC were carried out to further investigate the feasibility of HBC and WPT combination. Electromagnetic interference of WPT on the communication effectiveness of HBC is quantitatively evaluated by the bit error rate (BER) of the experiments.
A. Experimental Setup
Experimental setup is the same with that of Section III as shown in Fig. 7 . The WPT frequencies are changed from 0 kHz to 1.5 MHz with a step of 100 kHz and V pp from 0 to 400 V with 
B. HBC Signal Modulation Method
Binary differential phase shift keying (2-DPSK), a modulation technique coding digital data with the phase difference between two neighboring cycles of carrier wave, is used to modulate HBC transmitting signal. A binary "1" is transmitted by adding 180
• to the current phase while a binary "0" keeps the current phase unchanged. The carrier signal are square wave with the frequency of 3 MHz and V pp of 3.3 V, which can be be realized easily by an output pin and RC current-limiting circuit, as shown in Fig. 10 . The high-frequency components of the transmitted signal has been filtered and the current flowing into the pork tissue is limited by the resistance to be no more than 4 mA.
The modulated digital data are generated by HBC transmitter as a packet. The packet includes 256 bytes (numbers from 0 to 255), a total of 2048 bits. Bits of 2048 (8 bits stand for a pixel value, a total of 256 pixels) are chosen as a packet because the research background is image transmission of microcapsule robot with pixels of 256 × 256. The packet is transmitted cyclically without time interval. Large packet is formed due to the continuity of every single 2048-bit packet. Thirty consecutive packets (a large packet of 61 440 bits, last about 20 ms) were sampled and demodulated in the experiments to verify the validity of the HBC big data.
C. Experimental Results
The experimental data were processed with the 2-DPSK demodulation algorithm. BERs are zero in all the studied frequencies and voltages. WPT signal with 1.4-MHz frequency and 400-V V pp was selected to analyze the effects of WPT on HBC. The received signals with WPT ON and OFF are shown in Fig. 11 . The experimental results indicate that the HBC signal is completely submerged by the electromagnetic interference, and we cannot directly distinguish it out.
Processed by IIR notch digital filter designed in Section III the received signal was extracted effectively, as shown in Fig. 12 , and then, it was demodulated based on the polarity comparison method. However, the starting point of a cycle of the received signal is difficult to be detected because of the interference of external electromagnetic field and unconnected ground between HBC transmitter and receiver. The point of zero value may not be the point of zero phase for a cycle T. As a result, the phase of the received signal may not be consistent with that of carrier wave, which causes the relative phase inconsistency. If the received signal is multiplied by carrier wave in the time domain without any alignment algorithms, demodulation results appear serious errors due to the inconsistent phase accumulation. In this paper, we assumed the first zero crossing point as the starting point of the cycle. The zero crossing point of each cycle T of the received signal was adjusted to align with zero phase of the carrier wave before the multiplication, which can eliminate the accumulation of phase inconsistency, as shown in Fig. 13 .
The product of the received signal and the carrier wave is shown in Fig. 14 . It is converted into binary signal based on zero decision threshold and sampling at the quarter of the cycle T. If the binary value sampled in a circle is same with that of the previous circle, the demodulation result is "0," otherwise the demodulation result is "1." Final demodulation results are shown in Fig. 15 .
BER were calculated to quantitatively evaluate the communication effectiveness of HBC. It is zero under 1.4-MHz frequency and 400-V V pp for WPT. Other sets of experimental data were processed with the same demodulation algorithm. BERs are zero in all the studied frequencies and voltages.
D. Special Frequency Analysis
Specially, WPT signal with frequency of 1.5 MHz and V pp of 400 V was processed by polarity comparison method, as shown in Fig. 16 . Frequency of 1.5 MHz is a special situation because it is coincided with the case when the HBC transmitting digits are constant "1" modulated by the 2-DPSK method. The demodulation result shows that BER is still zero.
V. DISCUSSION
In this paper, the simulations and experiments for fundamental wave and experiments for modulated signal were carried out for preliminary feasibility verification of WPT and HBC integration. It can be seen from the simulation results in Fig. 5 and experimental results in Fig. 11 that HBC is affected by WPT to a great extent, and the received signal is completely submerged in the WPT electromagnetic interference. However, with the second-order IIR notch filter and eighth-order low-pass digital filter, the HBC signal can be well extracted. This is partly because the WPT excitation is a standard sinusoidal signal reducing the difficulty of signal separation.
Fig. 14 depicts that the binary signal is not a perfect square wave when processed by the improved polarity comparison method. The phase of received signal and that of the carrier wave are not consistent at the phases of 180
• and 360
• bringing glitches at these points. However, it does not matter because the sampling point is at the quarter of the circle T. Even if the phase is not accurately aligned at 180
• , it has no effects on the demodulation results, which shows the feasibility of the demodulation method.
BER is zero in the special case of 1.5-MHz frequency and 400-V V pp for WPT, as shown in Fig. 16 . This is because the HBC transmitting digits are "0" and "1" alternate that the HBC modulated signal frequency is not 1.5 MHz on the whole and cannot completely be damped by the designed 1.5 MHz stop band of the IIR notch filter. However, it can be seen from Fig. 16 that the periodic signal representing digit "1" is seriously distorted, and the stability of the received signal is dramatically decreased. The peak-peak voltage of the HBC signal is so small due to dumped by the filter that signal-to-noise ratio of the HBC signal is reduced. Therefore, we suggest that it is best not to choose a frequency of WPT same as that of HBC when letting them work together within a microcapsule robot.
Despite the serious electromagnetic interference of WPT on HBC, it can be concluded from the experimental results that HBC is expected to achieve integration with WPT in one microcapsule robot to achieve complementary advantages.
VI. CONCLUSION
This paper has revolved around feasibility study of the integration of HBC with WPT in one microcapsule robot. First, the simulations and experiments were carried out using fundamental sinusoidal wave to investigate the interaction from the perspective of basic composition of signal. Results indicate that the communication signal can be accurately extracted. Second, HBC with digital modulation by two-DPSK method was utilized to interact with WPT. Groups of experiments were conducted, and the communication effectiveness of HBC was evaluated by BER. Results indicate that the BER is zero when the WPT frequency is changed from 0 kHz to 1.5 MHz, and voltage is adjusted from 0 to 400 V. Nevertheless, we suggest that it is best not to choose the frequency of WPT same with that of HBC.
Interaction study turns out that HBC and WPT can be integrated to use. However, to achieve integration in one micromedical robot, it is significant to further study the electromagnetic effects of WPT-implanted secondary coil on HBC transmitter and the correlation of WPT receiving energy with BER of HBC to equip micro-capsule robot with more sophisticated functions in small size.
